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Available online 13 January 2015Production of mutants with altered phenotypes is a powerful approach for determining the
biological functions of genes in an organism. In this study, a high-grain-weight mutant line
M8008 was identified from a library of mutants of the common wheat cultivar YN15 treated
with ethylmethane sulfonate (EMS). F2 and F2:3 generations produced from crosses of
M8008 × YN15 (MY) and M8008 × SJZ54 (MS) were used for genetic analysis. There were
significant differences between M8008 and YN15 in plant height (PH), spike length (SL),
fertile spikelet number per spike (FSS), grain width (GW), grain length (GL), GL/GW ratio
(GLW), and thousand-grain weight (TGW). Most simple correlation coefficients were
significant for the investigated traits, suggesting that the correlative mutations occurred
in M8008. Approximately 21% of simple sequence repeat (SSR) markers showed polymor-
phisms between M8008 and YN15, indicating that EMS can induce a large number of
mutated loci. Twelve quantitative trait loci (QTLs) forming QTL clusters (one in MY and two
in MS) were detected. The QTL clusters coinciding with (MY population) or near (MS
population) the marker wmc41 were associated mainly with grain-size traits, among which
the M8008 locus led to decreases in GW, factor form density (FFD), and TGW and to
increases in GLW. The cluster in the wmc25–barc168 interval in the MS population was
associated with yield traits, for which the M8008 locus led to decreased PH, spike number
per plant (SN), and SL.
© 2015 Crop Science Society of China and Institute of Crop Science, CAAS. Production and
hosting by Elsevier B.V. All rights reserved.Keywords:
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Common wheat (Triticum aestivum L.) provides one-fifth of the
calories consumed by humans [1]. With increasing world
population, it has been estimated that the global demand for
wheat will increase by a further 40% by 2020 [2]. Accordingly,; fax: +86 538 8242226.
Science Society of China a
ina and Institute of Crophigher yield is the primary objective in wheat breeding
programs. Grain yield can be divided into several direct
components: spike number per unit area, grain number per
spike, and thousand-grain weight (TGW). Mainly because of
its effect on yield, increased grain size continues to be a major
selection and breeding target in wheat [3,4]. Grain shape andnd Institute of Crop Science, CAAS.
Science, CAAS. Production and hosting by Elsevier B.V. All rights
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mining the market value of wheat grain, given that they
influence milling performance (flour quality and yield).
Theoretical models have predicted that milling yield could
be increased by optimizing grain shape and size, with large
and spherical grains being the optimum grain morphology [5].
Yield and grain size traits in wheat are complex characters,
and are quantitative in nature [6]. Grain-size traits are usually
represented in plant breeding practice by TGW, which is
determined mainly by grain width, length, and thickness [7,8].
All three aspects are positively correlated with TGW [9,10].
Quantitative trait loci (QTLs) for yield components such as grain
weight have been mapped on almost all 21 wheat chromo-
somes [11]. There have also beenQTL studies of grain-size traits
[8–10,12–14].
A powerful approach for determining the biological func-
tions of genes in an organism is the production ofmutantswith
altered phenotypes and physiological responses. Amongmuta-
gens that have been used, alkylating agents such as ethyl-
methane sulfonate (EMS) are particularly effective. EMS can
form adducts with nucleotides, causing them to mispair with
their complementary bases and introducing base changes after
replication [15]. EMS-inducedmutants have been created in rice
[16], maize [17], barley [18], diploid wheat [19,20], and hexaploid
wheat [21,22]. Some genes, such as klu, regulating seed size [23],
and als3-1, required by seedlings for growth in aluminum-toxic
environments [24], have been isolated using EMS-induced
mutations in Arabidopsis thaliana. However, genetic studies of
EMS-induced mutants in wheat are rare.
M8008 is an EMS-induced commonwheat mutant with high
grain weight isolated in our laboratory. The main aim of the
present study was to determine the chromosomal locations of
QTLs for grain size and yield-related traits using two popula-
tions derived fromM8008 and Chinese winter wheat varieties.2. Materials and methods
2.1. Plant materials
M8008 was identified from a library of mutants of the wheat
cultivar Yannong 15 (YN15) induced by EMS treatment of dry
seeds. M8008 had a higher TGW, plant height (PH), and spike
length (SL) than YN15. YN15 is a popular cultivar released in
1982 and planted over 6.7 million ha in the past 30 years in
Shandong province, China.
For genetic analysis, F2 populations (200 plants) and a
derived F2:3 progeny (200 lines) were produced from crosses of
M8008 × YN15 (MY population) and M8008 × Shijiazhuang 54
(SJZ54) (MS population). YN15 and SJZ54 have lower TGW than
M8008. SJZ54 is a Chinese winter cultivar released in 1964.
2.2. Field trials and trait evaluation
For the F2 populations, planting rows were 2.5 m in length,
spaced 23.3 cm apart and 10.0 cm between plants, in thewheat
growing season of 2008–2009. Ten plants per F2:3 progeny were
planted in a single row with 10 cm between plants and 23.3 cm
between rows in the 2009–2010 season. The trials were
performed on the experimental farm of Shandong AgriculturalUniversity, Tai'an, China. Normal field management was
applied during the growth season. The field had loamy soil,
and the grain yield was approximately 8000 kg ha−1.
Plant morphological traits, including PH, SL, spike number
per plant (SN), fertile spikelet number per spike (FSS), and
grain number per spike (GN), were evaluated with three spikes
of each plant ten days before harvest. After harvest, grain
traits were evaluated: three samples of 20 grains from each
plant were lined up lengthwise along a ruler with a precision
of 0.1 mm to measure grain length (GL), and then the grains
were arranged breadthwise to measure grain width (GW). The
GL/GW ratio (GLW) was calculated. Factor form density (FFD),
calculated as grain weight/(grain length × grain width), de-
scribes differences in grain density and the deviation of a
shape from a cylindrical form [25]. TGW was evaluated by
weighing two samples of 100 grains from each plant.
For F2:3 progeny, all investigated traits were described by
the mean values of five plants for the corresponding line from
each F2 individual.
2.3. Simple sequence repeat (SSR) analysis
DNAwas extracted from fresh young leaves of each plant in the
F2 by theSDSmethod [26]. PCR amplificationwasperformed ina
20 μL mixture containing 1× PCR buffer, 100 ng DNA, 3 mmol
MgCl2, 1.5 mmol dNTP, 1 pmol of each primer, and 1 U TaqDNA
polymerase. Amplifications were performed under the follow-
ing conditions: 5 min at 94 °C; 35 cycles of 30 s at 94 °C, 30 s at
50–60 °C and 30 s at 72 °C; and a final extension step of 10 min
at 72 °C. PCR products were separated in 6% denaturing
polyacrylamide gels. Bands amplified from M8008 and individ-
uals containing its alleles were termed as “A”, those from YN15
or SJZ54 were termed as “B”, and individuals from whom both
“A” and “B” could be amplified were termed as “H”.
A total of 903 SSR markers distributed evenly on the
genetic map [27], and 166 expressed sequence tag (EST)-SSR
markers developed by our laboratory [28], were used for a
polymorphism survey. Primer sequences for SSR markers
were obtained from GrainGenes 2.0 (http://wheat.pw.usda.
gov/GG2/). Markers were initially analyzed in the parents and
a preferred small group (PSG) [29] comprising five typical low-
and five high-TGW plants in the F2 of the MY population. The
polymorphic SSRs were further used to assay the F2 popula-
tions. In a preliminary analysis to determine whether the
grain size traits were controlled by loci on chromosome 2D,
the SSR and EST-SSR markers on 2D were used to analyze the
MY and MS F2 populations.
2.4. Genetic mapping and QTL analysis
The linkage map was constructed with Mapmaker 3.0 [30].
CentiMorgan units (cM) were calculated using the Kosambi
mapping function [31]. QTLswere analyzed using amixed linear
model in QTLNetwork 2.0 [32]. Composite interval analysis was
performed using forward-backward stepwise multiple linear
regressions with a probability of 0.05 for adding and removing
markers from the model, and a window size of 10 cM.
Significance thresholds for QTL detection were calculated for
each dataset using 1000 permutations and genomewide error
rates of 0.10 (suggestive) and 0.05 (significant).
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3.1. Phenotype of M8008 and its F2 and F2:3 populations
The whole-life phenotypic data of M8008 were collected and
compared with those of YN15. Clear differences appeared
after the elongation stage, especially after the booting stage
(Fig. 1). For PH, SL, FSS, GL, GLW, GW, and TGW, variances ofE F G
I
A B C
Fig. 1 – Phenotypic comparison of YN15, M8008, and SJZ54. A and
and H, YN15 is on the left andM8008 on the right. For I and J, YN15
and C: Plants at the later filling stage; D: plants at the booting stag
and J: kernels after harvest. The scale bars are 5 cm in A, B, andM8008 were significantly greater than those of YN15 by F-test.
However, for SN, GN, and FFD, the variance differences were
not significant (Table 1, Fig. 1). For M8008 and SJZ54, all traits
were significantly different except for GLW and FFD (Table 1,
Fig. 1).
For the two F2 and F2:3 populations, there was a wide range
of variation, with coefficients of variation (CVs) ranging from
3.65% to 34.90% in the F2 and from 3.03% to 22.63% in the F2:3.
Almost all CVs for corresponding traits were larger for the MSH
J
D
E showYN15; B and F showM8008; C and G show SJZ54. For D
is at top, M8008 is in themiddle, and SJZ54 is at bottom. A, B,
e; E, F and G: spikes at the later filling stage; H: young spikes; I
C; 2 cm in E, F, and G; and 5 mm in I and J.
Table 1 – Phenotypic performance for grain size and yield traits of M8008, YN15, and SJZ54.
Trait M8008 YN15 SJZ54
2009 2010 Average 2009 2010 Average 2009 2010 Average
PH (cm) 80.30 82.48 81.39 71.90 72.70 72.30a 103.20 107.87 105.54a
SN 15.40 10.50 12.95 16.60 11.30 13.95 20.20 16.80 18.50a
SL (cm) 8.88 8.62 8.75 7.89 7.76 7.83a 7.76 7.63 7.70a
FSS 18.50 17.20 17.85 19.60 17.90 18.75b 17.20 16.67 16.94b
GN 54.80 49.10 51.95 54.30 46.20 50.25 46.30 45.23 45.77a
GL (mm) 6.77 6.66 6.72 5.83 5.53 5.68a 6.20 6.09 6.15b
GW (mm) 3.35 3.34 3.35 3.07 2.90 2.99a 3.17 2.99 3.08b
GLW 2.02 1.99 2.01 1.90 1.91 1.91a 1.96 2.04 2.00
FFD (mg mm−2) 1.85 1.72 1.79 1.86 1.72 1.79 1.86 1.79 1.83
TGW (g) 41.90 38.18 40.04 33.20 27.57 30.39a 36.58 32.60 34.59a
PH, plant height; SN, spike number per plant; SL, spike length; FSS, fertile spikelet number per spike; GN, grain number per spike; TGW,
thousand grain weight; GL, grain length; GW, grain width; GLW, GL/GW ratio; FFD, factor form density.
a Denotes significance of difference between M8008 and YN15 or SJZ54 at P ≤ 0.01.
b Denotes significance at P ≤ 0.05 according to an F-test in ANOVA.
138 T H E C R O P J O U R N A L 3 ( 2 0 1 5 ) 1 3 5 – 1 4 4than for the MY population, indicating larger variation in
the MS population (Table 2). Transgressive segregation was
observed for all investigated traits (Table 1, Table 2). All traits
exhibited continuous distributions, suggesting their quantita-
tive inheritance (Fig. 2).
3.2. Correlation between traits
Most simple correlation coefficients (r) were significant. All r
values were significant between yield traits (PH, SN, SL, FSS,
and GN) except for those for PH and GN in the F2:3 of MY and
SL and GN in the F2:3 of MS (Table 3). All r values wereTable 2 – Phenotypic performance for grain and yield traits in F
Trait F2 population
Mean Min. Max. SD CV (%
MY population
PH 75.32 49.00 92.00 5.55 7.37
SN 15.89 5.00 26.00 5.55 34.90
SL 8.79 6.08 10.84 0.76 8.68
FSS 18.58 11.00 21.50 1.51 8.11
GN 50.67 20.00 77.50 9.18 18.11
GL 6.27 5.53 6.85 0.23 3.65
GW 3.31 2.40 3.73 0.20 6.13
GLW 1.90 1.64 2.39 0.09 4.81
FFD 1.88 1.34 2.17 0.16 8.51
TGW 39.14 19.03 49.63 5.79 14.79
MS population
PH 92.46 64.00 113.00 8.77 9.48
SN 17.24 4.00 29.00 5.71 33.15
SL 8.06 5.08 10.62 1.05 12.98
FSS 17.39 11.67 21.33 1.68 9.64
GN 45.02 13.33 73.00 9.23 20.50
GL 6.48 5.65 7.35 0.32 4.99
GW 3.29 2.45 3.75 0.27 8.31
GLW 1.98 1.71 2.58 0.15 7.49
FFD 1.81 1.13 2.21 0.19 10.26
TGW 39.02 17.53 54.07 7.47 19.13
PH, plant height; SN, spike number per plant; SL, spike length; FSS, ferti
length; GW, grain width; GLW, GL/GW ratio; FFD, factor form density; TGsignificant between grain-size traits (GL, GW, GLW, FFD, and
TGW), except for those of FFD and GL/GW/GLW in the F2:3 of
MY and GLW and GL in the F2 of MY and MS. Most r values
between yield traits and grain-size traits were significant.
These results indicated that the traits were highly correlated.
In other words, these traits showed correlative variation,
determined by simultaneously mutated loci.
3.3. Polymorphism of SSR markers and map construction
A total of 1069 SSR and EST-SSR markers were used to detect
polymorphism between M8008 and YN15 and 222 markers2 and their F2:3 progeny for MY and MS populations.
F2:3 progeny
) Mean Min. Max. SD CV (%)
78.84 57.50 90.90 4.59 5.82
14.30 8.40 21.80 2.75 19.25
9.25 8.13 10.77 0.50 5.41
18.42 15.27 20.13 0.78 4.23
51.45 41.30 67.75 4.63 9.00
6.31 5.79 6.84 0.19 3.03
3.26 2.70 3.51 0.12 3.64
1.94 1.78 2.23 0.07 3.46
1.65 1.38 1.88 0.10 5.92
33.93 24.76 40.51 2.75 8.10
95.57 77.60 108.40 6.45 6.75
14.38 4.20 25.67 3.26 22.63
8.56 6.75 11.83 0.81 9.48
16.98 10.00 19.40 1.18 6.93
44.68 19.25 61.00 6.05 13.54
6.46 5.87 7.14 0.24 3.70
3.26 2.76 3.59 0.15 4.49
1.98 1.80 2.31 0.09 4.49
1.70 1.40 1.97 0.11 6.76
35.81 26.63 47.77 4.14 11.56
le spikelet number per spike; GN, grain number per spike; GL, grain
W, thousand-grain weight.
Fig. 2 – Distributions of investigated traits in the F2 and F2:3 populations from crosses MY and MS.
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Table 3 – Simple correlation coefficients (r) between grain and yield traits for MY and MS populations.
Population PH SN SL FSS GN GL GW GLW FFD
SN MYF2 0.413 ⁎⁎
MYF2:3 0.299 ⁎⁎
MSF2 0.413 ⁎⁎
MS F2:3 0.353 ⁎⁎
SL MYF2 0.471 ⁎⁎ 0.457 ⁎⁎
MYF2:3 0.369 ⁎⁎ 0.538 ⁎⁎
MSF2 0.651 ⁎⁎ 0.402 ⁎⁎
MS F2:3 0.424 ⁎⁎ 0.173 ⁎
FSS MYF2 0.373 ⁎⁎ 0.365 ⁎⁎ 0.596 ⁎⁎
MYF2:3 0.154 ⁎ 0.470 ⁎⁎ 0.594 ⁎⁎
MSF2 0.494 ⁎⁎ 0.376 ⁎⁎ 0.514 ⁎⁎
MS F2:3 0.274 ⁎⁎ 0.279 ⁎⁎ 0.225 ⁎⁎
GN MYF2 0.389 ⁎⁎ 0.419 ⁎⁎ 0.631 ⁎⁎ 0.780 ⁎⁎
MYF2:3 0.066 0.436 ⁎⁎ 0.555 ⁎⁎ 0.685 ⁎⁎
MSF2 0.466 ⁎⁎ 0.441 ⁎⁎ 0.531 ⁎⁎ 0.792 ⁎⁎
MS F2:3 0.203 ⁎⁎ 0.245 ⁎⁎ 0.126 0.777 ⁎⁎
GL MYF2 0.421 ⁎⁎ 0.205 ⁎⁎ 0.351 ⁎⁎ 0.259 ⁎⁎ 0.419 ⁎⁎
MYF2:3 0.412 ⁎⁎ 0.278 ⁎⁎ 0.240 ⁎⁎ −0.118 −0.049
MSF2 0.334 ⁎⁎ 0.239 ⁎⁎ 0.490 ⁎⁎ 0.307 ⁎⁎ 0.394 ⁎⁎
MS F2:3 0.236 ⁎⁎ −0.014 0.292 ⁎⁎ −0.125 −0.135
GW MYF2 0.278 ⁎⁎ 0.122 0.287 ⁎⁎ 0.316 ⁎⁎ 0.535 ⁎⁎ 0.660 ⁎⁎
MYF2:3 0.231 ⁎⁎ 0.311 ⁎⁎ 0.191 ⁎⁎ 0.104 0.132 0.492 ⁎⁎
MSF2 0.454 ⁎⁎ 0.260 ⁎⁎ 0.381 ⁎⁎ 0.347 ⁎⁎ 0.496 ⁎⁎ 0.572 ⁎⁎
MS F2:3 0.479 ⁎⁎ 0.075 0.142 ⁎⁎ 0.064 0.040 0.429 ⁎⁎
GLW MYF2 −0.028 0.011 −0.092 −0.224 ⁎⁎ −0.383 ⁎⁎ −0.104 −0.811 ⁎⁎
MYF2:3 0.102 −0.088 0.003 −0.213 ⁎⁎ −0.189 ⁎⁎ 0.351 ⁎⁎ −0.641 ⁎⁎
MSF2 −0.290 ⁎⁎ −0.140 −0.086 −0.171 −0.292 ⁎⁎ 0.020 −0.803 ⁎⁎
MS F2:3 −0.289 ⁎⁎ −0.084 0.103 −0.164 ⁎ −0.152 ⁎ 0.389 ⁎⁎ −0.663 ⁎⁎
FFD MYF2 0.277 ⁎⁎ 0.053 0.101 0.134 0.317 ⁎⁎ 0.404 ⁎⁎ 0.558 ⁎⁎ −0.435 ⁎⁎
MYF2:3 0.179 −0.240 ⁎⁎ −0.173 ⁎ −0.244 ⁎⁎ −0.261 ⁎⁎ −0.074 0.007 −0.077
MSF2 0.401 ⁎⁎ 0.233 ⁎⁎ 0.257 ⁎⁎ 0.207 ⁎⁎ 0.329 ⁎⁎ 0.317 ⁎⁎ 0.742 ⁎⁎ −0.682 ⁎⁎
MS F2:3 0.426 ⁎⁎ 0.010 0.242 ⁎⁎ −0.134 −0.143 0.236 ⁎⁎ 0.459 ⁎⁎ −0.274 ⁎⁎
TGW MYF2 0.375 ⁎⁎ 0.132 0.260 ⁎⁎ 0.271 ⁎⁎ 0.496 ⁎⁎ 0.730 ⁎⁎ 0.867 ⁎⁎ −0.583 ⁎⁎ 0.863 ⁎⁎
MYF2:3 0.384 ⁎⁎ 0.071 0.050 −0.172 ⁎ −0.150 ⁎ 0.542 ⁎⁎ 0.633 ⁎⁎ −0.205 ⁎⁎ 0.704 ⁎⁎
MSF2 0.487 ⁎⁎ 0.289 ⁎⁎ 0.429 ⁎⁎ 0.341 ⁎⁎ 0.487 ⁎⁎ 0.653 ⁎⁎ 0.929 ⁎⁎ −0.659 ⁎⁎ 0.886 ⁎⁎
MS F2:3 0.502 ⁎⁎ 0.025 0.288 ⁎⁎ −0.107 −0.123 0.630 ⁎⁎ 0.789 ⁎⁎ −0.284 ⁎⁎ 0.838 ⁎⁎
⁎ Indicates an r significance level of P ≤ 0.05.
⁎⁎ Indicates an r significance level of P ≤ 0.01.
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polymorphic markers had been located on genetic linkage
maps in previous studies (http://wheat.pw.usda.gov/GG2/).
The polymorphic markers were distributed on all 21 wheat
chromosomes (including 66 markers located on more than
one chromosome) (Table 4) and were used for further poly-
morphism detection in the PSG. Twenty-four markers were
polymorphic in the PSG, and these markers were used to scan
the F2 of MY population for the preliminary analysis. Finally,
marker wmc41 on chromosome 2D [27] was linked to TGW,
GW, and FFD by correlation analysis, whereas the other
twenty-three markers were not linked to TGW or grain-size
traits. We accordingly used themarkers on chromosome 2D to
detect polymorphisms in the F2 generation. One hundred and
fifty-three polymorphic markers on chromosome 2D were
used to construct linkage maps for the MY and MS popula-
tions. Of these, 34 markers detected polymorphism between
M8008 and YN15, while 64 detected polymorphism between
M8008 and SJZ54. After the two F2 populations were screened
using the polymorphic markers, linkage maps of 2D having
total genetic lengths of 115.2 cM for MY (Fig. 3A) and 250.4 cMfor MS (Fig. 3B) were constructed. The map derived from the
MY population was generally consistent with that from the
MS population.
3.4. QTL analysis
For the MY population, no additive QTLs in the F2 and five
QTLs in the F2:3 were identified (Table 5, Fig. 3). Four QTLs, QSl,
QGw, QGlw, and QTgw, were detected in the marker interval
cfd233–gs2a and formed a QTL cluster. The additive effects of
QSl and QGlw were positive, with the M8008 allele increasing
the effects of the QTLs, whereas those of QGw and QTgw were
negative, with the YN15 allele increasing the effects.
For the MS population, seven QTLs were identified,
including four QTLs detected in both the F2 and F2:3, forming
two QTL clusters (Table 5, Fig. 3). For the cluster in the wmc25–
barc168 interval, three QTLs, QPh, QSn, and QSl were detected.
Of these, QSl was found in both the F2 and F2:3. The additive
effects of the three QTLs were all negative, with the SJZ54
allele increasing the effects. The cluster in the gwm539–wmc41
interval comprised four QTLs, QGw, QGlw, QFfd, and QTgw. Of
Table 4 – Numbers of polymorphic loci detected between
YN15 and M8008 of SSR markers distributed on
chromosomes.
Homoeologous
group
Chromosome Number of
loci
Total
1 1A 12 41
1B 16
1D 13
2 2A 16 63
2B 26
2D 21
3 3A 20 45
3B 17
3D 8
4 4A 10 22
4B 4
4D 8
5 5A 14 60
5B 19
5D 27
6 6A 10 29
6B 14
6D 5
7 7A 15 49
7B 25
7D 9
141T H E C R O P J O U R N A L 3 ( 2 0 1 5 ) 1 3 5 – 1 4 4these, QGw, QFfd, and QTgw were found in both the F2 and F2:3.
The additive effects ofQGw,QFfd, andQTgwwere negative, with
the SJZ54 allele increasing the effects, whereas that ofQGlwwas
positive, with the M8008 allele increasing the effects.
A single QTL was explaining 6.36–18.26% of phenotypic
variations. Of which, the contributions of some QTLs were
higher with more than 10%, including QSl in F2:3 of MY and F2
and F2:3 of MS, QGw in F2:3 of MY and F2 of MS, QGlw in F2:3 of
MY, and QTgw in F2:3 of MY.4. Discussion
4.1. SSR polymorphisms and the mechanism of mutation
induced by EMS
In the present study, 20.8% of markers showed polymor-
phisms between the mutant line M8008 and the wild-type
YN15 over the whole genome, indicating that EMS can induce
a large number of mutated loci. However, for chromosome 2D,
the number (34) of polymorphic markers between M8008 and
YN15 was sharply fewer than that (64) between M8008 and
cultivar SJZ54, indicating that variation between M8008 and
YN15 was lower.
The polymorphic SSR fragments between M8008 and YN15
were of two types: presence or absence of the fragment (type
1), accounting for 14 polymorphic markers (41.2%) on chro-
mosome 2D, and different fragment lengths (type 2), account-
ing for the other 20 polymorphic markers (58.8%) on 2D (Fig. 4).
Type 1 fragments may have been produced by the classical
mechanism of EMS mutagenesis (a G/C-to-A/T change) in
the primer binding regions of the SSR marker [15,33]. Type 2
fragments, however, are likely to have been caused by the
insertion or deletion of bases in the DNA sequence of the
mutant, inducing a lengthening or shortening of the repeatregion of the SSR marker [34,35], suggesting that other
mechanisms of EMS mutagenesis (aside from transition of G/C
to A/T) are very important. The mechanisms of EMS mutagen-
esis should be further studied.
4.2. QTL location in two populations
The QTLs for mutational traits were detected using two
populations. In the MY population, no QTL was found in the
F2. In the MS population, QTLs for GW, FFD, and TGW were
found in both the F2 and F2:3, indicating that they were stable
QTLs. Furthermore, QTLs for GW, GLW, and TGWwere detected
in similar regions of chromosome 2D in the two populations,
which in MY covered the marker wmc41 and in MS were near
wmc41. This slight difference might be explained by the
different genetic maps in the two populations.
QTL effects were negative for GW and TGW, but positive for
GLW in the two populations. This result suggests thatM8008 has
mutations at loci that influence more than one trait for grain
size. Gegas et al. [12] reported a stable QTL for GLW around
marker wmc41 in the Beaver × Soissons population over two
years. Furthermore, themarker interval contains linkedmarkers
that we associated with GL and FFD in previous studies [7,8].
4.3. Grain-size-increasing effects of QTLs in smaller-grain-size
parents
The additive effects of QTLs for GW and TGW were negative,
indicating that the effects of the QTLs were increased by YN15
and SJZ54 alleles, although the phenotypes of GW and TGW in
these parents were lower than that of M8008. Thus, we did not
detect QTL for grain size increased by the alleles of themutant
M8008 on chromosome 2D. However, this finding is not at all
accidental. In previous QTL analysis, increasing effects of
QTLs have frequently been supplied by the lower-value
parents. Breseghello and Sorrells [36] detected a major QTL
for grain weight associated with SSR marker wmc18 on
chromosome 2D. At this locus, although the parent AC Reed
had larger seeds than the other parent, Grandin, the Grandin
allele at wmc18 was associated with an increase of approxi-
mately 1.5 mg kernel−1 (3–4%). In recombinant inbred lines
from Chuan 35050 × Shannong 483, TGW and GW were
significantly greater in Shannong 483 than in Chuan 35050, but
the increasing effects of QTLs for TGW and GW on chromo-
somes 1D, 5D, and 6A were contributed by the small-grain-size
parent, Chuan 35050 [10]. The mutant M8008 appears to carry
alleles that promote the formation of large grain size and high
TGW. Unfortunately, the major mutant alleles for grain size
were not found on chromosome 2D. Thus, itwill be necessary to
scan the whole genome using the two populations or introgres-
sion lines with more markers for accurate identification major
QTLs for TGW and grain-size traits in M8008, for better under-
standing of the genetic bases of these traits.
4.4. Correlated mutations of traits and their explanation at the
QTL level
M8008 showed significantly increased PH, SL, GL, GLW, GW,
and TGW and decreased FSS compared to YN15; and most
of the correlations for tested trait pairs were significant,
Table 5 – Additive effects of QTLs detected in MY and MS populations.
Trait QTL Population Marker interval a Position (cM)b Additive effect c Contribution (%)
PH QPh MS F2 gwm261–barc168 16 −4.425 7.61
SL QSl MY F2:3 wmc181–gs2a 0 0.191 10.49
MS F2 gwm261–barc168 15 −0.788 17.31
MS F2:3 gwm261–barc168 13 −0.603 18.26
SN QSn MS F2 gwm261–barc168 25 −2.806 6.37
GW QGw MY F2:3 wmc181–gs2a 1 −0.037 10.27
MS F2 cfd62–mag4355b 0 −0.111 10.02
MS F2:3 cfd62–mag4355b 2 −0.065 8.44
GLW QGlw MY F2:3 wmc181–gs2a 7 0.023 10.51
MS F2 cfd62–mag4355b 29 0.073 8.91
FFD QFfd MY F2:3 cfd168–barc228 1 −0.034 9.66
MS F2 cfd62–mag4355b 29 −0.083 7.85
MS F2:3 mag4355b–wmc41 0 −0.045 6.36
TGW QTgw MY F2:3 wmc41–wmc181 4 −1.246 12.74
MS F2 cfd62–mag4355b 0 −2.916 9.25
MS F2:3 cfd62–mag4355b 29 −1.933 8.92
a Marker interval is the interval containing the significant peak value of the QTL.
b Site means the distance of the significant peak value for the QTL from the first marker in the marker interval.
c Positive additive effect, increased effect contributed by M8008; negative effect was contributed by YN15 or SJZ.
Fig. 3 – Locations of QTLs for grain size traits and yield traits based on the MY and MS populations. QTLs are indicated on the
left side of each chromosome and markers are shown on the right.
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Fig. 4 – Polymorphic markers between M8008 and YN15. The
markers cfd168 and gs2 are of type 1 (presence or absence of
fragments), whereas wmc181 and cfd233 are of type 2
(different fragment lengths). Y represents YN15 and M
represents M8008.
143T H E C R O P J O U R N A L 3 ( 2 0 1 5 ) 1 3 5 – 1 4 4suggesting that correlated mutations occurred at the pheno-
typic level. Wu et al. [21] also reported correlated mutations in
wheat, with the mutant Meh0239 showing more compact
spikelet distribution, smaller and lighter grains, fewer grains
per spike, slower seed germination, and higher sensitivities to
glucose and ABA treatment than in the wild type.
In the present study, QTLs formed one cluster for MY and two
clusters for theMS population on chromosome 2D, a finding that
may partly explain the phenotype correlations between the
mutations at the QTL level. The QTL clusters at or near wmc41
were associated mainly with grain-size traits (in MY, QSl, QGw,
QGlw, andQTgw, and inMS,QGw,QGlw,QFfd, andQTgw), showing
that this locus influences several traits at once. This mutated
locus of M8008 led to decreases in GW, FFD, and TGW and
increases in GLW and SL. The QTL cluster in the wmc25–barc168
interval ofMSwas associatedwith yield traits (QPh,QSn, andQSl),
indicating that this locus controls several traits simultaneously;
in M8008, the locus leads to decreases in PH, SN, and SL.Acknowledgment
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